Abstract. The increasing statistics of the high-energy neutrino flux observed by the IceCube Observatory points towards an excess of events above the atmospheric neutrino background in the 30-400 TeV energy range. Such an excess is compatible with the findings of the ANTARES Telescope and it would naturally imply the possibility that more than one source class contributes to the observed flux. Electromagnetically hidden sources have been invoked to interpret this excess of events at low energies. By adopting a unified model for the electromagnetically bright and choked gamma-ray bursts and taking into account particle acceleration at the internal and collimation shock radii, we discuss whether bright and choked bursts are viable candidates. Our findings suggest that, although producing a copious neutrino flux, choked and bright astrophysical jets cannot be the dominant sources of the excess of neutrino events. A fine tuning of the model parameters or distinct scenarios for choked jets should be invoked in order to explain the low-energy neutrino data of IceCube and ANTARES.
Introduction
The IceCube telescope detected astrophysical neutrinos with the highest energies ever observed [1] [2] [3] [4] [5] [6] [7] [8] . The sources of these neutrinos remain to be discovered. Current data show evidence for a major extragalactic component contributing to the observed flux [9] [10] [11] . A number of astrophysical sources has been discussed as possibly being at the origin of the observed flux: starburst galaxies, clusters of galaxies, active galactic nuclei, low-power astrophysical jets, and tidal disruption events [12] [13] [14] [15] [16] [17] [18] [19] . Noticeably, it remains to be clarified whether the observed flux is the result of the superposition of fluxes coming from different classes of sources, or from a single class.
Mounting evidence points towards the possibility that fitting a single power law to the observed astrophysical flux is disfavored, suggesting that more than one class of sources is contributing to the flux [20] [21] [22] [23] [24] . In particular, data recently presented by the ANTARES [25] and IceCube [4, 7, 8] Collaborations independently point towards an excess of neutrino events in the energy range between 30 and 400 TeV as shown in Fig. 1 (see also e.g. Fig. 3 of Ref. [26] ) 1 . In this paper, we will take this hint of an excess at low energies or break in the energy spectrum seriously and investigate its origin.
Since none of the above proposed sources seems to be able to fully explain the observed flux, sources that are electromagnetically dim have been proposed as a viable alternative option, especially for what concerns the low-energy tail of the neutrino spectrum [28, 29] . Invoking the contribution from hidden or low-power sources could also alleviate conflict with the electromagnetic counterparts observed by Fermi [30, 31] and may be testable by stacking searches in the near future [32, 33] . In particular, "choked" gamma-ray bursts (GRBs) [34] [35] [36] [37] [38] [39] , i.e., GRBs that are not electromagnetically bright but emit neutrinos, have been proposed as candidate sources of the IceCube neutrinos [40] [41] [42] [43] .
Recently, Ref. [44] presented a general model aiming to unify the neutrino production in electromagnetically bright and choked GRBs. The model parameters were tuned on the electromagnetically bright jets and extrapolated to the choked jets by assuming that choked IceCube HESE 6 years IceCube MESE 2 years ANTARES 9 years Figure 1 . IceCube and ANTARES data sets in the energy region of interest. The IceCube High Energy Starting Event (HESE) set refers to 6 years of data taking as from Ref. [8] and the IceCube Medium Energy Starting Event (MESE) set refers to 2 years of data taking [4] . The ANTARES 9-years event rate above atmospheric backgrounds [25] has been folded with the detector effective area [27] (see Sec. 3 for more details). We take only the three lowest bins from the MESE data set as the higher energy bins contain largely the same events as the HESE data which now has more statistics.
jets are harbored in massive stars similarly to electromagnetically luminous jets. By adopting the six-year high-energy starting events sample from IceCube [8] as an upper limit to the neutrino flux produced by luminous and choked jets, it was found that at most 1% of all core-collapse supernovae can harbor astrophysical jets and the majority of those jets are choked.
In this work, we rely on the "advanced" GRB model of Ref. [44] that employs a realistic distribution of the Lorentz boost factor within the jet. (A similar model was more recently discussed in Ref. [45] in the context of short GRBs.) For the first time, we here discuss particle acceleration at the internal (IS) and collimation (CS) shock radii and explore whether bright and choked jets can lead to a sizable neutrino production in the low-energy range of interest, as postulated formerly. Our findings are then investigated in the context of the excess of neutrino events observed by IceCube and ANTARES in the 30-400 TeV window.
This manuscript is organized as follows. In Sec. 2, the neutrino emission within the advanced GRB model is introduced as well as the various cooling processes affecting the neutrino spectrum at the internal and collimation shocks. In Sec. 3, we investigate whether the observed neutrino flux in the energy window between 30 and 400 TeV can be interpreted in terms of electromagnetically bright and choked GRBs. In Sec. 4, a discussion on our findings and conclusions are reported. Figure 2 . The structure of the jet within our "advanced" GRB model. The Lorentz boost factor Γ is shown in red and is maximum along the axis of the jet. The color scaling indicates the distribution in Γ throughout the jet and it has been derived for an astrophysical jet with Γ max = 100 and θ max = 17
• .
Neutrino emission from bright and choked gamma-ray bursts
In this Section, the "advanced" GRB model is introduced. We also overview the properties of cooling processes mainly determining the observed flux of neutrinos and affecting protons and secondary particles.
Properties of the astrophysical jet
We parametrize the astrophysical jet in terms of the amount of kinetic energy in the jetẼ j , maximum bulk Lorentz factor of the jet Γ max , and electron (magnetic) energy fraction e ( B ). We then follow the "advanced" GRB model of Ref. [44] wherein the Lorentz factor varies throughout the jet. Along the jet axis Γ = Γ max and it falls off from there and is given by
where the concentration is related to the standard deviation κ ≈ 1/σ 2 as shown in Fig. 2 (the color scaling stands for the Γ distribution throughout the jet). The standard deviation is set to σ = 1/ √ Γ max motivated by a random walk of repeated shocks. The maximum angle of the jet is defined by Γ(θ max ) = 1 and is
The jet volume element is given by V = Ω jr 2 j ct j Γ, and the solid angle for both jets is,
We distinguish among the three relevant reference frames: X -earth,X -GRB, X -jet 2 . Figure 3 . Three classifications of jet propagating within the stellar envelope are possible. If the jet is optically thick near the acceleration region, the jet will not accelerate particles to high energies, this is known as an unsuccessful jet (left panel). If the jet successfully accelerates particles but does not have enough energy to escape the stellar envelope, the jet will be choked (middle panel): high energy neutrinos will escape, but no electromagnetic radiation. If the jet successfully accelerates particles and the jet escapes the stellar envelope, then it is visible (right panel) and both high energy neutrinos and electromagnetic radiation escape. Particle production and acceleration occurs in proximity of the internal or collimation shock radii.
The volume element and the jet energy together determine the density inside the jet and its Thomson optical depth τ T . If the optical depth is large (τ T 1) then efficient particle acceleration cannot happen and the jet fails to produce any high energy particles [43, 44] . We call these jets unsuccessful (see left panel of Fig. 3 ). If τ T 1, then the jet is successful in accelerating particles; in the latter case, the jet can be choked (middle panel of Fig. 3 ) or visible (right panel of Fig. 3 ) if only neutrinos or neutrinos and photons are able to escape the jet respectively.
In order to be consistent with electromagnetic observations, for the jet duration t j , we use a power law relation to describe long-duration GRBs such that jets with higher Γ's are shorter than GRBs with lower Γ's. Then,t j ∝ 1 Γ is normalized tot j = 10 s at Γ = 300 to match the trend shown by observations [46, 47] .
The photon spectrum of HL-GRBs is observed to be non-thermal and is well described by the Band spectrum [48] with the break energy related to the jet energy by the Amati and Yonetoku relations [49, 50] , each of which is the result of fits to the data. As described in Ref. [44] , we assume that the non-thermal photon spectrum which applies for high-luminosity (HL-) GRBs can be extended to all GRBs. Note that if the photon spectrum is thermal, then efficient particle acceleration is impossible [43] ; we consider these cases to be unsuccessful at accelerating any high energy particles and the flux of high energy neutrinos is then zero.
Finally, we include all cooling processes within the jet: synchrotron, inverse Compton, Bethe-Heitler, and scattering off both protons and photons using measured cross sections as from Ref. [51] , and take e = B = 0.1. We direct the interested reader to Ref. [44] for more details.
Particle acceleration at collimation and internal shock radii
The IS model is empirically characterized by the variability time scale under the premise that particle production cannot be happening at radii larger than r IS as the regions would be causally disconnected. As such, the lower limit for the IS radius is given by the variability time whose scaling law is established on the grounds of observations.
The theoretically derived CS model instead includes a cocoon around the jet of shocked material that pushes back on the jet and collimates it [52] . In other words, the CS radius is mainly depending on model parameters not directly measurable.
It might be possible that the CS radius coincides with the IS radius. That is, if the radius derived by variability time measurements is comparable with the theoretical prediction for the location of the CS radius, then these separate models would be equivalent. In the more general event that they are different, it is possible that there is significant particle acceleration at both radii, if r CS > r IS . If r IS > r CS , then there cannot be a significant contribution to particle acceleration at the CS because that would introduce a new smaller variability time scale that would contradict observations. We note that in some models it may be possible to somewhat avoid this constraint, for example by invoking effects due to magnetic reconnection [53] or acceleration at other radii [54] . However, the neutrino production in these models peaks at E ν 1 PeV [55, 56] , and would not improve the fit to the low energy data considered here.
The neutrino production at both radii was first estimated in Ref. [43] , which concluded that the neutrino production from the CS peaks at lower energies than in the IS model, but unless the jet is extremely relativistic, then r IS < r CS for typical Wolf-Rayet progenitors. Given the sophistications introduced in the advanced GRB model and since we are focusing on the low energy tail of the neutrino spectrum, we will first investigate whether there is any contribution to the neutrino intensity from acceleration occurring at the CS radius in the advanced GRB model. In the following, we are going to compare these two radii within the advanced GRB model, in order to test at which radius particle production can occur.
The IS radius is defined asr IS = 2ct v Γ 2 . In the advanced GRB model, the jet variability time is taken from an empirical fit to HL-GRBs [57] and a maximum to cap the variability time for low-luminosity (LL-) GRBs [44, 58, 59] :t v = min(2.8 × 10 9 Γ −4.05 , 100) s. Therefore the IS radius is atr
Note that the strong scaling of the variability time from observations results in considerable differences in this definition of the IS radius from that of the model presented in Ref. [43] . From Refs. [43, 52] , the CS radius is at
6/5 iso,52
where we used the standard notation, Q x = Q/10 x in cgs units. The radius R ∼ R is the progenitor radius of a typical Wolf-Rayet star andL iso (4πẼ j )/(t j Ω j ) is the isotropic equivalent luminosity. By comparing the IS and CS radii within the advanced GRB model for a typical WolfRayet progenitor with mass 20 M , we see that for nearly all relevant values of the parameters of the advanced GRB model, r IS > r CS (note that this trend is opposite than the findings of Ref. [43] because of the differences in the values assumed fort v and the sophistications introduced in the advanced GRB model). This trend is shown in Fig. 4 where the IS and CS radii are plotted as a function of jet energy for two representative values of Γ. We conclude that there can be no acceleration at r CS as that would introduce a smaller variability time scale in contradiction with the observations of HL-and LL-GRBs on which the advanced model is tuned.
Only for fairly extreme jets with Γ max 2000 andẼ j 10 54 erg do we find r CS ∼ r IS . Since these are parameters at the tail end of the GRB distribution in both Γ max andẼ j and because including particle acceleration at two similar radii does not change the observed spectrum, we will consider fully efficient particle acceleration at the IS radius in the following.
It is also possible that a small fraction of the total acceleration occurs at the CS radius and the consequently smaller variability time is not measured. For the sake of simplicity, in the following we will assume that acceleration is fully efficient at the IS radius. However, since there are not measurements of choked jets, it is possible that acceleration in those jets is different. For completeness, we will also discuss the possibility that particles are accelerated at the CS radius in choked jets and estimate the correspondent neutrino intensity.
Conditions for obtaining electromagnetically bright and choked jets
If the jet head does not escape the stellar envelope, then the jet is considered to be choked (middle panel of Fig. 3 ). Choked jets experience high energy particle acceleration in the vicinity of the acceleration region given by the IS radius (see Sec. 2.2), but the jet does not escape the stellar envelope. In this case, the high energy photons rapidly lose energy due to pair production and are not observed at the Earth, but the high energy neutrinos will escape and can still be observed. We then comparer h to a typical stellar envelope from a Wolf-Rayet star. Figure 5 shows the fraction of successful jets out of the distribution of Γ max that will be choked in the region of interest. One can see that, as the jet energy increases, the probability that the jet successfully breaks through the stellar envelope increases and the fraction of choked jets becomes smaller. In addition, the band represents the variation from ζ SN ∈ [0.01, 1] which has very little influence on the fraction of jets that are choked. In the event that R * is larger than R as considered here, we expect a larger fraction of jets to be choked, but that the resultant neutrino flux should be comparable. Along with the distinction between successful and unsuccessful jets (see Sec. 2.1), the distinction between choked and visible jets described above leads to three distinct classes of jets. These three classes are shown schematically in Fig. 3 .
Jet population
We consider a population of GRBs contributing to the diffuse neutrino flux. The population rate is described by R(z, Γ max ) which we take to be a separable function for simplicity: R(z, Γ max ) =R(z)ξ(Γ max ). The redshift dependence is taken to follow the star formation rate [60, 61] 
with k = −10, p 1 = 3.4, p 2 = −0.3, and p 3 = −3.5. The Γ max dependence is assumed to follow a power law [44] 
The choice of a power law is an ansatz that satisfies the relevant criteria. It decreases with Γ and contains a minimal number of free parameters. The other natural choice would be a linear fit, but a linear fit does not remain positive definite for all Γ within the relevant range for all ζ SN , justifying our choice of only considering a power law distribution. Normalizing R(z, Γ max ) requires two constraints [44] . The first is the local HL-GRB rateR HL−GRB (z = 0) = 0.8 Gpc −3 yr −1 [62] which is the number of jets that have maximum Lorentz factors Γ max ∈ [200, 1000] at redshift z = 0. The second constraint is the local core-collapse supernova rate that forms jets, ζ SNRSN (z = 0), which is the total number of jets corrected for solid angle where ζ SN ∈ (0, 1]. We assumeR SN (z = 0) 2 × 10 5 Gpc −3 yr −1 [61, 63] . These constraints arē
(2.9) They define the GRB population's distribution and can then be used to calculate the diffuse intensity. By comparing the intensity with observations by IceCube and ANTARES we can constrain the jet parametersẼ j and ζ SN giving a neutrino intensity compatible with the data.
The low-energy excess observed by IceCube and ANTARES
In this Section, we introduce the low-energy events observed beyond the atmospheric background by IceCube and ANTARES. The excess is dominant in the 30-400 TeV range and we include data down to 5 TeV as described below. We then discuss the possibility that choked jets are main contributors to the neutrino flux observed in excess at low energies.
The IceCube and ANTARES low-energy excess
IceCube has measured high energy neutrinos from 2010 to 2016 in the High Energy Starting Event (HESE) data set [8] . These are events where the first interaction is inside the instrumented region of the detector and not in the veto on the edges of the instrumented volume. These events are also required to have deposited a large amount of energy in the detector. By using these two cuts, IceCube can reduce the background rate from both muons and atmospheric neutrinos dramatically leading to a fairly pure sample. The data set consists of two main event topologies: cascades and tracks. The energy deposition in the cascade events is roughly spherical and is contained within the detector leading to good calorimetric energy reconstruction, while the long track events usually leave the detector providing only a lower limit on the neutrino energy. The true energy of the initial neutrino must be then determined by an unfolding process. Cascade events are usually connected with neutral current (NC) interactions and ν e and ν τ charged current (CC) interactions while track events are usually associated with CC ν µ interactions. IceCube has then reported the astrophysical flux above the background accounting for their cut efficiencies as shown in green in Fig. 1 .
In addition, IceCube has performed a separate analysis of the first two years of data with a lower energy threshold which has become known as the Medium Energy Starting Event (MESE) data set [4] . With a lower threshold, two aspects of the background become problematic. The number of background events increases considerably faster than the number of astrophysical events, and it becomes increasingly possible for a muon to pass through the veto without setting it off. To combat these issues, the veto is dynamically extended into the detector from the outer region in a fashion that limits both types of errors occurring from low level fluctuations of individual photons. In order to strengthen our analysis, we add in three additional low energy bins from this data set as shown in orange in Fig. 1 . The higher energy bins from the MESE data set share events with the HESE data set and so we do not include them because the HESE set has more statistics. While the 30 TeV bin dominates the data set statistically, we include the two lower energy bins for completeness; these bins have large uncertainties due to the large atmospheric backgrounds and, as such, they will constitute only a small effect on our fit.
ANTARES has also been measuring the high energy neutrino spectrum and has reported a measurement of the high energy astrophysical neutrino flux from 2007 to 2015 [25] . To reduce atmospheric backgrounds, ANTARES only considers events that are up going or within 10 • of the horizon. The ANTARES Collaboration reported the number of events per energy bin which we then converted to diffuse intensity using the effective area of ANTARES from [27] as shown in blue in Fig. 1 . In order to convert the data that the ANTARES Collaboration reports to the diffuse intensity, we take the data and subtract the atmospheric backgrounds calculated by ANTARES's Monte Carlo. It is then clear that only the 80 TeV bin is more than 1σ above the backgrounds. We consider only the data from shower like events because the energy reconstruction is calorimetric, while for the track events ANTARES reports the energy in units determined from their Artificial Neural Network [64] which exhibits a non-trivial relationship with the true neutrino energy.
Contribution of choked and bright jets to the neutrino excess of events
In order to determine whether choked or bright bursts could be dominant contributors to the low-energy excess of events observed by IceCube and ANTARES, we use the latest nine year ANTARES event rate [25, 27] along with the low energy astrophysical signal from IceCube [4, 8] . We then fit our advanced GRB model to the lowest energy bins from IceCube (in the 5 TeV < E ν < 400 TeV range) as well as all of the ANTARES data (in the 30 TeV < E ν < 150 TeV range) by scanning overẼ j and ζ SN . While the individual jets are normalized to the jet energy, the jet energy also affects whether or not a jet is successful, thus its feedback on the diffuse intensity is somewhat complicated. The fraction of SNe that form jets, ζ SN , roughly provides a total normalization to the flux.
In the following, we first compare the neutrino intensity, obtained by assuming particle acceleration at the IS radius for electromagnetically bright and choked GRBs, with the IceCube and ANTARES data. Then we discuss the possibility that the observed excess of events originates from choked jets only and include the neutrino intensity resultant from particle acceleration at the CS radius in our analysis.
Assuming particle acceleration at the IS radius for electromagnetically bright and choked GRBs, the top panel of Fig. 6 shows the χ 2 for each region of the (Ẽ j , ζ SN ) parameter space compared to the data. The contribution to the χ 2 from IceCube alone is plotted in gray along with the sum of both experiments plotted in cobalt blue. Given the large error bars, the addition of ANTARES leads to only a small change in the best fit region. Note that we have left the ANTARES only contour off the figure for clarity. In fact, due to poor statistics, ANTARES data alone allows for values covering nearly all of the parameter space except the lower region below ζ SN ∼ 0.02 which starts to become constrained due to the bin at 70 TeV. The best fit point is at high jet energy (Ẽ j = 10 53 erg); the correspondent supernova fraction is ζ SN = 3.4%. The reduced χ 2 , χ 2 red = χ 2 /ν for ν = 11 − 2, is much larger than one χ 2 red = 3.9 suggesting that it is a poor fit to the data. The contour of the top panel of Fig. 6 shows the region with the smallest χ 2 's, and we note that it is entirely in the region excluded by the neutrino data at higher energies as previously shown in Fig. 8 of Ref. [44] . Moreover, we note that the majority of jets will be successful forẼ j = 10 53 erg (see Fig. 5 ). Figure 7 shows the IceCube and ANTARES data along with the neutrino intensity in magenta expected for the best fit parameters (Ẽ j ,ζ SN )=(10 53 erg, 3.4%) obtained by assuming particle acceleration at the IS radius for electromagnetically bright and choked GRBs. One can see that the neutrino background from GRBs not only describes the neutrino data poorly, it will clearly overshoot the higher energy bins which are not included in this analysis; see Fig. 5 of Ref. [44] for a plot of the expected neutrino intensity at higher neutrino energies.
As discussed in Sec. 1, choked sources have been suggested as possible candidates to interpret the observed low-energy excess. To this purpose, as further check, in Fig. 8 we show the best fit region of parameter space in the (ζ SN ,Ẽ j ) similarly to Fig. 6 but for choked jets only. We consider particle acceleration at the IS radius; the best fit point has now changed with respect to the top panel of Fig. 6 , but the data are still poorly fit (χ 2 red = 4.4). Correspondingly, Fig. 7 shows the neutrino intensity from choked jets only in dashed black for the best fit parameters for choked jets (Ẽ j ,ζ SN )=(1.7 × 10 51 erg, 58%). Also from here, it is clear that choked GRBs do not describe the data well.
We also calculated the χ 2 for choked jets only where the acceleration occurs at the CS radius, but since the χ 2 is so shallow, all regions of parameter space are allowed at roughly the same significance (plot not shown). The minimum χ 2 red is 5.4 at (Ẽ j ,ζ SN )=(3.8 × 10 51 erg, 100%) in this case. The corresponding neutrino intensity for the best-fit (Ẽ j ,ζ SN ) is shown in Fig. 7 in cyan dashed.
Observational constraints would not be violated if particle acceleration should occur at the IS radius for electromagnetically bright sources and at the CS radius for choked bursts. In order to make our conclusions more robust, the bottom panel of Fig. 6 indeed shows the best fit region for acceleration occurring at the CS radius for choked jets and at the IS radius for electromagnetically bright jets. The minimum χ 2 red is 4.2 in this case for (Ẽ j ,ζ SN )=(5.1 × 10 50 erg, 100%) and the correspondent neutrino intensity is shown in red dash-dot in Fig. 7 . One can see that also this scenario fits the neutrino data poorly.
Note that the neutrino data sample considered in this paper is different from the one adopted in Ref. [44] . The addition of the MESE data does not significantly modify the shape of the contours in Figs. 6 and 8, but it does worsen the quality of fit significantly. In particular, the 30 TeV data point from the MESE sample is rather high which is very difficult to fit even with neutrinos from choked GRBs.
Conclusions and outlook
There is mounting evidence that the astrophysical neutrino flux observed in the TeV-PeV energy range is not due to one class of sources. An apparent excess of events over the atmospheric background at lower energies (30-400 TeV) is observed by both the IceCube and ANTARES Telescopes [4, 7, 8, 25] suggesting that a broken power law may be a better Bright (IS) + Choked GRBs (CS) Figure 6 . The best fit region of parameter space in the ζ SN (fraction of supernovae that form jets) vs.Ẽ j (jet energy) space. The shaded region is within the best fit point by ∆χ 2 < 4.61, the 90% CL region for 2 d.o.f. from the best fit point. The cobalt blue region shows the contour for both IceCube and ANTARES data while the gray curve shows the corresponding contour for IceCube data only. The constraint from ANTARES data alone covers most of the relevant parameter space and is not shown. Top panel: Best fit region for the neutrino emission coming from choked and electromagnetically bright GRBs within the internal shock model. The best fit point has a χ 2 red = 3.9; we consider it to be a poor fit. Bottom panel: The same as above, but with the acceleration occurring at the collimation shock radius for choked jets and at the internal shock for visible jets. The best fit point is at χ 2 red = 4.2 which is also a poor fit. 51 erg, 58%), is plotted as the black dotted curve. The neutrino intensity at the CS radius from choked jets and with (without) the visible jets at the IS is plotted in red dash-dot (cyan dashed) with best fit point (5.1 × 10 50 erg, 100%) and (3.8 × 10 51 erg, 58%) respectively. The data points are the same as in Fig. 1 , the orange circles are IceCube's MESE data [4] , the blue up triangles are the data from ANTARES [25] , and the green down triangles are IceCube's HESE data [8] . The green dashed data points are some of the higher energy bins from IceCube's HESE data and are not included in these fits. In all investigated scenarios, the neutrino intensity describes the data poorly and it will overshoot the experimental data in the higher energy bins.
fit to the observed data. Hidden astrophysical sources, i.e. sources not electromagnetically bright, have been put forward to explain the low-energy component of the observed neutrino spectrum and alleviate tension with Fermi data [28] .
In Ref. [44] , we presented an advanced modeling of the neutrino emission from electromagnetically bright and choked gamma-ray bursts and found that current data suggest the majority of the jets to be choked. In the light of these findings, in this paper, we investigate whether neutrinos from bright and choked gamma-ray bursts can describe well the low-energy excess of events observed by IceCube and ANTARES. Since the model proposed in Ref. [44] is very general by construction, it represents an optimal framework to test whether astrophysical bursts can explain the observed low-energy neutrino excess without the addition new ad-hoc parameters.
If particle acceleration at the collimation shock is efficient, the resultant neutrino intensity may peak at lower energies than the one coming from particles accelerated at the internal shock. Since in this work we focus on the low-energy excess of neutrino events, we also investigate the particle production and acceleration at the collimation shock radius beyond the Choked GRBs (IS) Figure 8 . The same as Fig. 6 except based on the flux from choked jets only. Particle acceleration is assumed to happen at the IS radius. The best fit point has a χ 2 red = 4.4; we consider it to be a poor fit. When particle acceleration is assumed to happen at the CS radius, the χ 2 is very shallow and no particular region can be constrained; the minimum χ 2 red = 5.4, which is a worse fit than the the internal shock model. one at the internal shock radius. We find that the collimation shock radius is larger than the internal shock radius for most of the scanned parameter space. Hence, particle acceleration cannot happen at the collimation shock radius as it would violate the observed variability times of electromagnetically bright GRBs. Assuming that particle acceleration occurs with full efficiency at the larger radius, we therefore consider that all the particle production and acceleration can be confined to the internal shock radius in the advanced gamma-ray burst model.
Since there is no variability time information for choked jets, we have also investigated the effect of particle acceleration at the collimation shock radius for choked jets only, while particles in visible jets are still accelerated at the internal shock radius. However, acceleration at the collimation shock radius for choked GRBs slightly worsens the fit to the data compared to that of the internal shock radius.
Due to the fact that the neutrino diffuse background from astrophysical jets predicted within the advanced gamma-ray burst model peaks at higher energies, the predicted neutrino spectrum is much harder than the rather soft spectrum observed by IceCube and ANTARES, especially from the MESE data set. In fact, even our best fit neutrino intensity would subsequently overshoot the higher energy bins (not included in the fit in this paper). This is largely due to the fact that we have extended the Amati relation down to choked GRBs. While the Amati relation was originally derived for high-luminosity GRBs, we assume that it naturally extrapolates to choked GRBs. The only alternative would be to fit the GRB properties to the IceCube and ANTARES data, at which point any neutrino flux could be obtained. We choose instead to keep our model connected with GRB observations as much as possible.
Our findings imply that a fine tuning of the model parameters or distinct scenarios for hidden sources should be invoked in order to explain the measured low-energy neutrino flux. We also compared a fit of all neutrinos produced in our model from bright and choked jets to that of neutrinos produced only in choked jets at the internal and collimation shock radii, finding that the choked-only case fits the data even worse than in the case where all neutrinos were included. As pointed out in Ref. [44] most of the neutrino production, even in the case of choked jets, it is driven by p-γ interactions in the advanced gamma-ray burst model. If a sizable amount of neutrinos should be produced through p-p interactions in the jet, this may be responsible for a neutrino intensity at lower energies larger than the one foreseen within the advanced gamma-ray burst model. Mechanisms enhancing the p-p efficiency within choked bursts or calorimeters such as starburst galaxies should be further explored in order to unveil the origin of the low-energy excess observed in the data.
As IceCube and ANTARES collect more data, and with the advent of future detectors such as KM3NeT [65] and IceCube-Gen2 [66] increasingly robust constraints could be placed on the theoretical models estimating the neutrino production in astrophysical sources. In fact precisely determining both the normalization and the shape of the high-energy neutrino flux will be vital for understanding the origins of high energy neutrinos. In turn such information will also allow us to better constrain the physics of the sources.
